This study aimed to investigate relationships between production of salvianolic acids in Salvia miltiorrhiza Bunge and sugars accumulation, growth substances salicylic acid (SA), and methyl jasmonate (MeJA). The foliar application of 2 mmol/L SA for two weeks significantly decreased activities of acid invertase (pH 5.0) and neutral invertase (pH 7.0) in both seedlings and fruiting plants of S. miltiorrhiza, and thus contents of sucrose in the plants exhibited an increasing-trend, whereas the 0.2 mmol/L MeJA application for two weeks caused contrary effects on activities of the enzymes and on contents of sucrose in the plants; meanwhile contents of reducing sugar in the different-aged plants under both the SA and MeJA treatments, contents of caffeic acid and rosmarinic acid in roots of the SAtreated seedlings, as well as contents of rosmarinic acid, salvianolic acid B and total amounts of salvianolic acids in roots of either the MeJA-treated seedlings or the SA-, MeJA-treated fruiting plants, were significantly increased. Further, contents of rosmarinic acid and salvianolic acid B, as well as total amounts of salvianolic acids in cultures of S. miltiorrhiza hairy roots were regularly increased followed with increase in medium concentrations of glucose but not sucrose, in which the glucose of middle and high medium concentrations, respectively caused more rosmarinic acid and higher total amount of salvianolic acids, compared to the sucrose at same concentrations. This together indicated that the production of salvianolic acids in roots of S. miltiorrhiza is activated by growth substances SA, MeJA, and is positively accelerated by glucose but not sucrose.
INTRODUCTION
Root of the perennial herb Salvia miltiorrhiza Bunge is a well-known Chinese traditional medicinal material named Danshen, which is widely used to cure cardiovascular diseases, blood circulation disorder and inflammation (National Committee of China Pharmacopeia, 2010) . The important medicinal constituents in Danshen are generally known as secondary metabolites which include lipid-soluble tanshinones and water-soluble salvianolic acids. The water-soluble salvianolic acids, e.g., danshensu, protocatechuic acid, cinnamic acid, caffeic acid, p-coumaric acid, rosmarinic acid, salvianolic acid B etc., were ascribed to phenolic acids of phenylpropanoids. Of these, content of the salvianolic acid B is preferred as one important criterion in determining quality of the Danshen in china (National Committee of China Pharmacopeia, 2010) . In recent years, culture of S. miltiorrhiza hairy roots has been developed as an efficient and convenient system to growth "Danshen material" for extracting medicinal constituents and for academic research. During the culture process, medium addition of various elicitors such as Ag + , yeast as well as its extract was widely adopted to promote production and accumulation of secondary metabolites (Chen et al., 2001; Ge and Wu, 2005; Yan et al., 2005; Yan et al., 2006) . Due to the fact that cardiovascular diseases will continue to threaten healthy people all over the world, demand for good quality Danshen is increasing; thus, not only good yield but also high contents of medicinal substances were stressed in production of Danshen, and so it is absolutely necessary and significant to explore the mechanism of salvianolic acids production in the S. miltiorrhiza.
Phenolic acids is one of the important secondary metabolites, its production in plants is tightly related to soluble sugars which were proposed to supply energy and precursor substances in secondary biosynthesis. That is, the general photosynthetic product sucrose as well as its degradation products, glucose and fructose, were converted into phenylalanine, tyrosine and tryptophan through the glycolysis-, phosphopentose-and shikimate-pathway; further, the phenylalanine and tyrosine were transformed into phenolic acids through the phenylpropanoid metabolism pathway (Sanchez-Ballesta et al., 2007) .
On the relationship between production of phenolic acids and sugars, previous studies have summarized the well-known carbon/nutrient (C/N) theory which suggested that increase of C/N ratio would result in accumulation of carbon-based secondary compounds (including phenylpropanoids and terpenes) in some plant species (Bryant et al., 1983; Iason et al., 1996) ; nevertheless, this theory is not always consistent with results of some experiments (Mudau et al., 2006; Wassner and Ravetta, 2007) .
Generally, elicitors were applied to plants in regulating production of secondary metabolites, in which the hormone-like substance, salicylic acid (SA), and hormone methyl jasmonate (MeJA) were well-reported in promoting production of phenolic acids in plants (Zhang et al., 2002; Pastírová et al., 2004; Elwan and ElHamahmy, 2009; Wolski et al., 2010) . Moreover, the SA and MeJA play important roles in regulating photosynthesis, assimilates accumulation and plant growth, e.g., application of SA checked decline in contents of chlorophyll and β-carotene of leaves and enhanced net photosynthetic rate, CO 2 fixation rate and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity of plants, thus the plants maintained higher assimilatory capacity under stresses (Chen et al., 2007; Popova et al., 2009; Elwan and El-Hamahm, 2009 ); whereas, MeJA was suggested in accelerating plant senescence and reducing photosynthetic rate to decrease accumulation of sucrose in plants (Hung and Kao, 2004; Ananieva et al., 2007) . Obviously, both the SA and MeJA given regulation effects on both sugars metabolism and phenolic acids production in plants.
Most studies have focused on enzyme-molecularmechanism in phenolic acids biosynthesis pathway in recent years, rare investigations have been carried out regarding the interaction between primary and secondary Wang et al. 2667 metabolites in plants. Therefore, this work subjected to investigate relationships between production of salvianolic acids in S. miltiorrhiza and sugars accumulation, C/N ratios, growth substances applications of SA and MeJA. Based on our pre-experiments on concentrations of SA and MeJA applications, distilled water (control), 2 mmol/L SA and 0.2 mmol/L MeJA were selected as three treatments and were respectively foliar sprayed on 60-day-old S. miltiorrhiza seedlings (with 10 to 11 leaves) and on S. miltiorrhiza fruiting plants (for 20 days after full bloom) every two days on June 6 to 19, 2011, once 100 ml of the solutions per pot. The exogenous application was conducted for two weeks and samples were harvested on June 27, 2011, a week after ending the spraying. The presented experiment was a complete random design, each treatment was replicated for five pots seedlings and 9 pots fruiting plants, making a total 15 pots seedlings and 27 pots fruiting plants.
MATERIALS AND METHODS

Seedlings
Hairy roots of S. miltiorrhiza and sugar treatments
The hairy roots experiment was conducted during April to May, 2011 at the Shaanxi Research Center in Traditional Chinese Medicine Fingerprint and Nature Product Library, Northwest A & F University, China. Hairy root of S. miltiorrhiza was obtained upon infection of S. miltiorrhiza explants with Agrobacterium Rhizogenes (ATCC 15834) by Feng (2010) .
Average of 0.30 ± 0.01 g fresh weight of 30-day-old mother hairy roots of S. miltiorrhiza was separated and pre-cultured in hormonefree Murashige and Skoog (MS) liquid medium of 50 ml per Erlenmeyer flask, the MS medium contained carbon nutrient of 30 g/L sucrose (Murashige and Skoog, 1962) , pH of the medium was adjusted to 5.8 before autoclaving. Period of the pre-culture was for 15 days.
The culture was performed in the dark at 25°C, on an orbital shaker at 110 rpm.
Nine treatments including high (31.0 g/L), middle (19.0 g/L) and low (7.0 g/L) concentrations of sucrose, glucose and fructose, as carbon sources which were respectively added into fresh hormonefree MS mediums, with 50 ml of the mediums per 100 ml flask and pH of the mediums was adjusted to 5.8 before autoclaved. The hairy roots after 15 days pre-culture period were transformed into the treated-mediums and continually cultured for 2 weeks; samples were harvested on May 3, 2011. Each treatment was replicated for six flasks making a total of 54 flasks of the experiment. Dried roots (seedlings roots, fruiting plants roots or hairy roots) of 0.1 g powder filtered through 0.45 mm millipore filter was extracted with 10 ml of 70% methyl alcohol for 12 h and then was extracted for 45 min by ultrasonic treatment at 20°C, then was centrifuged at 10000 × g for 10 min. The upper solution was filtrated through a 0.45 µm organic membrane filter before injection into the HPLC system.
Salvianolic acids analysis
Contents of salvianolic acids were measured according to the method of Dong-Feng Yang (Yang et al., 2009 ) by using the Waters1525 HPLC system (Waters, Milford, MA, USA) equipped with a binary pump, a Waters2996 photodiode array detector, and a Waters SunFire C18 (250 × 4.6 mm, 5 µm) column. Data were acquired and processed using the Empower 2 software (Waters, USA). Constituents of salvianolic acids were identified by comparing their retention times with that of the authentic standard substances (the standard substances were purchased from the National Institute for the Control of Pharmaceutical and Biological Products, in China), and concentrations of the salvianolic acids were quantified by comparing peak areas with standard curves constructed by external reference method. Total amount of the salvianolic acids was presented by sum of contents of danshensu, protocatechualdehyde, caffeic acid, p-coumaric acid, rosmarinic acid and salvianolic acid B.
Enzyme activities of invertase and sucrose synthase
Activities of invertase and sucrose synthase in leaves (mixed samples of young and mature leaves) and in roots (mixed samples of mature roots and young roots) of the S. miltiorrhiza plants were respectively determined based on the methods provided by Vu et al. (1995) (using ultraviolet-visible spectrophotometer, UV-2802H, UNICO, China).
Contents of sugars, carbon and nitrogen in shoots and in roots
Dried shoots (mixed samples of mature leaves, young leaves, buds, and young stems) or roots (mixed samples of mature roots and young roots) powder of 0.1g was extracted with 5 to 6 ml of 80% (v/v) ethanol at 80°C, extraction 3, and once for 90 min. After centrifugation at 3500 ×g for 10 min, the supernatant was combined and brought to a volume of 15 ml with 80% ethanol, in which contents of sucrose and total amount of soluble sugar were respectively detected according methods of the sulphuric acidanthrone colorimetry, and content of reducing sugar was detected according method of the 3, 5-dinitrosalicylic acid colorimetry (Sun, 2006) .
The nitrogen content was determined by VS-KT-P type Automatic Azotometer (KJEL-AUTO, Japan), and the carbon content was determined according the potassium bichromate titrimetric method (Agricultural Chemistry Speciality Committee of Soil Society in China).
Fresh and drought weight of hairy roots
Hairy roots of each flask were washed with water and dried between two sheets of filter paper and weighted to determine fresh weight. The hairy roots of each flask were dried at 60°C for at least four days and weighed for dry weight.
Statistical analysis
Data of the experiment were statistically analyzed by the DPS statistical analysis package (version 3.11, DPS data processing system) and levels of differences between means were detected using Duncan's multiple range testing. All results are presented by means ± standard errors.
RESULTS
Contents of the salvianolic acids in roots of the different-aged S. miltiorrhiza plants respectively treated by the SA and MeJA
Treatments of both SA and MeJA accelerated production and accumulation of salvianolic acids in roots of the different-aged S. miltiorrhiza plants. For the SA application to the seedlings, content of caffeic acid in the roots was significantly increased by 13.5% and rosmarinic acid was increased by 23.0% higher than the control. In roots of the fruiting plants treated by the SA, contents of salvianolic acids were significantly increased compared to the control, as the caffeic acid was increased by 36.0%, p-coumaric acid by 72.0%, rosmarinic acid by 37.1% and salvianolic acid B by 46.7%; consequently, total amount of salvianolic acids was increased by 50.3%. Whereas, contents of danshensu in roots of both the seedlings and fruiting plants significantly decreased for the SA treatment (Table  1) . Similar to this, the foliar application of MeJA significant enhanced contents of salvianolic acids in the differentaged plants compared to the control. That content of danshensu in roots of the seedlings was increased by 11.9%; contents of caffeic acid, rosmarinic acid and salvianolic acid B in the roots respectively were increased by 14.9, 15.4 and 93.2%; consequently, total amount of the salvianolic acids in the roots increased by 79.3%. Also, contents of rosmarinic acid, salvianolic acid B as well as total amount of salvianolic acids in roots of the fruiting plants, respectively were increased by 59.5, 36.9 and 37.2% for the MeJA, and content of the danshensu in the roots exhibited no significant change (Table 1) .
Contents of non-structure sugars, carbon and nitrogen in the seedlings and fruiting plants of S. miltiorrhiza treated with the SA and MeJA
Treatments of the SA and MeJA induced similar increase effects on levels of salvianolic acids in roots of the different-aged S. miltiorrhiza plants, but they caused different influences on accumulation of non-structure sugars in the plants; as such, the SA led significant increase trends but the MeJA led significant decreasetrends in accumulation of sucrose in the plants.
Compared to the control, content of sucrose and total amount of soluble sugars in shoots of the seedlings were respectively significantly increased by 262.5%, 36.4% for the SA, with no significant changes in contents of the sugars exhibited in roots of the seedlings (Table 2) . When the fruiting plants were treated by the SA, content of sucrose and total amount of soluble sugars were significantly increased respectively by 142.9%, 49.5% in shoots and respectively by 10.6%, and 9.8% in roots higher than the control. While compared to the control, the MeJA application significantly decreased content of sucrose and total amount of soluble sugars respectively by 7.1%, 5.3% in roots of the seedlings, and to the fruiting plants, the sugars were decreased respectively by 43.4%, 34.6% in roots and respectively by 82.9%, 17.1% in shoots (Table  2) . Under both the SA and MeJA treatments, contents of reducing sugar in roots and shoots of both the seedlings and fruiting plants exhibited significant increasing-trends compared to the control, and C/N ratios of roots and shoots of the seedlings exhibited no significant changes comparing with the control (Table 2) .
However, the C/N ratios of the fruiting plants decreased by 16.7% in shoots but increased by 13.7% in roots for the MeJA treatment; reason of this was speculated as that the MeJA promoted senescence and decreased photosynthetic capacity of plants, and thus to alter accumulation and distribution of carbohydrates in sinksource of the plants.
Whereas, for the SA application, respectively the C/N ratios increased by 11.1% in shoots and by 7.8% in roots of the fruiting plants, meanwhile content of nitrogen in the shoots was significantly decreased but carbon in the roots enhanced (Table 2) ; probably this can be attributed to the accelerating effects of SA on carbohydrates accumulation (to lead increase in content of carbon in roots) and promoting foliar growth of plants (to lead increase in content of nitrogen in shoot) (Elwan and ElHamahm, 2009 ).
Activities of invertase and sucrose synthase in the different-aged S. miltiorrhiza plants treated with the SA and MeJA
Invertase (β-d-fructofuranoside-fructohydrolase) and sucrose synthase (UDP-glucose: D-fructose-2-glucosyltransferase) in plants are main enzymes related to sucrose cleavage, the invertase hydrolyzed one sucrose molecule into two hexose molecules -the glucose and fructose, and the sucrose synthase reversibly transformed sucrose and UDP into UDPglucose and fructose (Porchia et al., 1999; Weber and Roitsch, 2000; Klotz et al., 2003; Salerno and Curatti, 2003; Schäfer et al., 2005; Moscatello et al., 2011) . Being consistent with the different effects of SA and MeJA on accumulation of the sucrose in the S. miltiorrhiza plants, the present treatments of the SA and MeJA applications had contrary results on activities of invertase comparing with the control; the SA inhibited activities of the enzymes but the MeJA activated the enzymes. The SA applied to the seedlings significantly decreased activity of acid invertase by 42.5% in leaves and by 20.4% in roots, meanwhile activity of neutral invertase in the leaves was decreased by 23.0% (Table 3) . As for the fruiting plants treated with the SA, activities of the acid invertase was decreased by 39.7% in leaves and by 67.5% in roots, activity of neutral invertase in the leaves was significantly decreased by 48.7% (Table 4 ). In contrast with this, treatment of the MeJA application activated the acid invertase respectively by 18.8% in leaves and by 37.6% in roots of the seedlings, and biosynthesis activity of sucrose synthase in the leaves was significantly decreased by 58.0% (Table 3) . Also, the enzymes in thefruiting plants treated by the MeJA, activities of the acid invertase, and neutral invertase were respectively increased by 8.9 and 164.0% in leaves, and the acid invertase was increased by 10.8% in roots; hydrolysis activity of sucrose synthase in the roots was significantly increased by 78.0% (Table 4) . Although synthesis activities of sucrose synthase were significantly increased in both leaves and roots of the fruiting plants treated by the MeJA, however they were very lower than that of the invertase, thus they resulted in negligible influence in sucrose contents in the plants (Table 4) .
Effect of medium concentrations of sucrose, glucose and fructose on growth of the S. miltiorrhiza hairy roots
Hairy roots without capacity in CO 2 fixation or in production of assimilation product, obtained carbohydrate nutrient during culture process by absorbing soluble sugars from medium. As shown in Table 5 , after two-week treated by different soluble sugars in mediums, fresh weights and dry weights of the 29-day-old S. miltiorrhiza hairy roots exhibited increase-trends following with increase in medium concentrations of sucrose, glucose and fructose. While comparing with the sucrose and glucose of same concentrations, the high and middle medium concentrations of fructose induced higher fresh weights and dry weights of the roots (Table 5) . Thus the fructose induced more rapid growth of the hairy roots than the sucrose and glucose.
Contents of salvianolic acids in the hairy roots
As shown in Table 6 , contents of salvianolic acids in cultures of the S. miltiorrhiza hairy roots did not positively correlate to medium concentrations of sucrose, this was consistent with the conclusion speculated from results of the presented pots experiment.
Treatments of different medium concentrations of fructose gave no regular changes in contents of salvianolic acids in the hairy roots. Comparing with the treatments of sucrose and glucose, the treatment of low and middle concentrations of fructose did not significantly increase contents of rosmarinic acid as well as total amounts of salvianolic acids in the hairy roots, but high medium concentration of fructose markedly increased contents of the phenolic acids. So, effect of fructose on production of salvianolic acids in the hairy roots was uncertain and needed to be further studied in the future (Table 6 ). As shown in Table 6 , contents of rosmarinic acid, salvianolic acid B and total amount of salvianolic acids in the hairy roots exhibited regular increasingtrends following with increase in medium concentrations of glucose but not sucrose and fructose. Comparing with the sucrose treatment, middle medium concentration of glucose significantly increased content of rosmarinic acid by 35.2% in the hairy roots; high concentration glucose respectively increased contents of rosmarinic acid by 67.2% and salvianolic acid B by 46.5%, and consequently total amount of the salvianolic acids was increased by 50.1% in the hairy roots (Table 6 ). In summary, promotive effect of glucose on production of salvianolic acids in the hairy roots was prominence compared to the sucrose and fructose.
DISCUSSION
The phenolic acids with capacities of antioxidant (Atmani et al., 2009 ) and antimicrobial (Oliveira et al., 2008) , which accumulation in plants as a resistance response, was promoted by many environmental biotic and abiotic elicitors such as stresses of insect (Coruh and Ercisli, 2010) , pathogen (Martín et al., 2008) , drought (Bettaieb et al., 2011) , ultraviolet-B radiation (Ruhland et al., 2007) and heavy metal Cu 2+ ( Ali et al., 2006) etc.; especially, the growth substances SA and MeJA as intracellular signals were involved in the process. According to previous reports, SA and MeJA rapidly generated in plants under environmental stresses such as pathogeninfection (Segarra et al., 2006; Kubota and Nishi, 2006; Ueeda et al., 2006) , heavy metal ions (Maksymiec et al., 2005) and wound (Wasternack et al., 2006) . Reversely, high levels of SA and MeJA in plants effectively induced expression of Phenylalanine Ammonia-Lyase (the key enzyme of the Phenylpropanoid Pathway) (Wen et al., 2005; Heredia and Cisneros-Zevallos, 2009 ) and invited production of phenolic acids such as coumarin (Pastírová et al., 2004) , carotenoids (Elwan and El-Hamahmy, 2009), anthocyan (Zhang et al., 2002) , etc. Consistent with this, results of the present work showed that the SA and MeJA treatments significantly increased production and accumulation of salvianolic acids in roots of both seedlings and fruiting plants of S. miltiorrhiza.
On the other hand, several reports suggested that the SA promoted photosynthesis and CO 2 fixation but reduced activities of invertase, cellulase, polygalacturonase and xylanase in plants (Srivastava and Dwivedi, 2000; Chen et al., 2007; Popova et al., 2009; Elwan and El-Hamahm 2009) ; on the contrary, high level JA in plants reduced photosynthesis and growth but stimulated hydrolysis of sucrose through increasing activity of invertase and inhibiting activity of isocitrate lyase (Yu et al., 2002; Bogatek et al., 2002; Ananieva et al., 2007) . On this ground, the presented SA treatment inhibited activity of invertase accelerated accumulation of sucrose in the different-aged S. miltiorrhiza plants; whereas, MeJA activated the invertase but induced a decline-trend in sucrose accumulation in the plants. However, the presented treatments of both the SA and MeJA applications significantly promoted production of salvianolic acids in roots of the plants and simultaneously increased contents of reducing sugar in the plants. This suggested that production of the salvianolic acids did not correlate with sucrose content in the plants. Then what is the role of reducing sugar (mainly including glucose and fructose) in the salvianolic acids production in the plants. Further, previous studies revealed that sucrose, glucose and fructose in media imported in tissue of plants through transporting via symplast and transporters (Williams et al., 2000; Truernit, 2001) , thus the present medium concentrations of sucrose, glucose and fructose modulated levels of soluble sugars in cultures of S. miltiorrhiza hairy roots.
Based on present effects that glucose but not sucrose enhanced content of rosmarinic acid and total amount of salvianolic acids in S. miltiorrhiza hairy roots, together considering the simultaneous increase in contents of reducing sugar and salvianolic acids in the different-aged S. miltiorrhiza plants treated by the SA and MeJA, it is concluded that high level glucose accelerating production of salvianolic acids in roots of S. miltiorrhiza. Reason of this is firstly attributed to the fact that precursor compounds and energy depleted during secondary biosynthesis were directly supplied through glucose degradation in plant (Yan et al., 2006; Sanchez-Ballesta et al., 2007) ; and probably another reason lies in the fact that expression and activities of the enzymes related to phenolic acids production were induced by glucose signal in plant, which needs to be further explored in the future.
In conclusion, production of salvianolic acids in S. miltiorrhiza being a resistance response was regulated by both growth compounds SA, MeJA and primary metabolites, in which the sucrose did not but the glucose positively correlated with production of the salvianolic acids.
This is important in production of Tanshen medicinal materials because changes in accumulation of sucrose and glucose of plants is followed with growth stages, environment conditions and elicitors application. Additionly, C/N ratios in the present work exhibited no obvious relationship with contents of salvianolic acids in the S. miltiorrhiza plants, this is inconsistent with previous carbon/nutrient (C/N) hypotheses (Bryant et al., 1983) . Reason for this is that many types of carbohydrates and two kinds of carbon-based secondary metabolites -the phenylpropanoids and terpenes, existed in plants; so relationships among them are various and complicated. Results of the present experiment also showed that fructose significantly promoted growth of the S. miltiorrhiza hairy roots than the sucrose and glucose; mechanism of this demands a further detailed study to be carried out in the future.
